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Description 

The present invention relates to devices for energy 
delivery to a heart of a human during defibrillation. 

Defibrillating the human heart is accomplished by 
applying an electrical waveform to the cardiac muscle 
with appropriate electrodes, causing the cessation of 
rapid uncoordinated contractions of the heart and a res- 
toration of normal beating of the heart. 

The optimal voltage-versus-time waveform for this 
purpose is known approximately, but not precisely 
There is wide agreement in the prior art that, at a mini- 
mum, it incorporates a rectangular or approximately 
rectangular positive-going pulse. The adjective "posi- 
tive-going" has meaning after one has determined the 
point on or near the heart that best serves as voltage 
reference for a particular patient, a matter that varies 
from person to person. In the simplest case, a single 
such pulse is used for defibrillation. This option is 
termed the "monophasic" waveform. 

For the sake of a concrete description, let one 
choose a specific waveform that falls in the ranges of 
accepted values. Such an example is shown in ideal- 
ized form in FIG. 3. This pulse has an amplitude of -1400 
volts, and a duration of 7 milliseconds. The literature on 
this subject is extensive, with a typical example being 
Feeser, et al.. Circulation, volume 82, number 6, page 
2128. December, 1990. an article that includes an 
extensive bibliography. 

The electrical resistance presented by the human 
heart muscle to the passage of defibrillation current is 

quiie iuw, ubutiiiy Tctiiii'iy iil iim lai'iyb iiuin 40 lO 100 

ohms. These low values are a combined result of the 
large area electrodes enrployed and nonlinearity to the 
heart muscle as an electrical resistor, with resistance 
declining as current increases. Because of this fact, 
large current values are required, typically several 
amperes, at the typical but arbitrarily chosen amplitude 
of 400 V. It is a considerable challenge to generate a 
rectangular waveform at such a high cun'ent, especially 
in a battery-powered implantable defibrillator system, 
which must be small and light in weight. Fortunately, an 
approximation to the idealized waveform is able to 
accomplish the desired result, but with an effectiveness 
that is believed to be considerably lower. 

A simple and extensively used approximation to the 
ideal waveform can be achieved by charging a capacitor 
to 400 volts in the present example, and connecting it 
directly from one electrode to the other on the heart 
muscle, and letting the heart serve as the load resist- 
ance that discharges the capacitor. When a resistor is 
used in this manner to discharge a capacitor, the result 
is a voltage-versus-time waveform that declines in expo- 
nential fashion from the initial capacitor voltage. +400 
volts at present. The nonlinearity mentioned above dis- 
torts the exponential waveform somewhat, but not sig- 
nificantly. For purposes of approximating a rectangular 
waveform, it is necessary to interrupt the discharging 
process while the voltage remains at some significant 



fraction of its original value. This can be accomplished 
by simply breaking, or "opening", the circuit formed by 
capacitor and resistor, the latter in this case being the 
heart. At that instant the voltage experienced by the 

5 heart drops abruptly to zero. 

Assuming for specific illustration that in the 7-ms 
duration of the pulse, the waveform voltage has dropped 
to 200 volts, or half its initial value, we see that the 
"characteristic time" of the discharging process, or the 

10 time it takes the voltage to decline to about 36.8% of its 
initial value, must exceed 7 ms in the present case. The 
characteristic time in seconds is determined by the 
product of the resistance R in ohms and the capaci- 
tance C in farads. For the assumed requirements, one 

15 must achieve a characteristic time, or "RC time con- 
stant" of 10 ms. Continuing with specific values for illus- 
trative purposes, let one assume a cardiac resistance of 
70 ohms, requiring therefore a capacitance of 143 
microfarad. Relationships are illustrated in FIG. 4A for 

20 the assumed conditions. The qualitative difference 
between FIGS. 3 and 4A is known in the jargon of the 
specialty as the degree of "tilt", and a "low-tilt" waveform 
is preferred. The approximate waveform is unsatisfac- 
tory if the voltage at the end of the pulse interval is a 

25 small fractfon of the initial voltage, a condition that would 
be described as a "high-tilt" waveform. 

The connection and disconnection of the capacitor 
to the heart muscle is accomplished in the present state 
of the art by means of a switching network employing 

30 the power field-effect transistor (or FET), by way of 
example and for purposes of illustration only and not to 

I- - L I i: W. ^2.1^^ .^..^...^ ...^MM TUiM M 
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a three-terminal, solid-state device, with one terminal 
being a control electrode, and the other two terminals 

d5 being power electrodes. Resistance between the power 
terminals can be either very low (the "closed" condition), 
or very high (the "open" condition). Thus, the FET is 
functionally equivalent to the familiar mechanical single- 
pole, single-throw switch, and is described as such for 

40 purposes of brevity and illustration. A circuit employing 
a single such switch can deliver the waveform illustrated 
in FIG. 4A. Both the waveform and the circuit that pro- 
duces it. shown in FIG. 4B, are discussed in more detail 
later. 

45 The first adjective, i.e. "single" of the term single- 
throw switch indicates that this switch incorporates a 
single pivoted armature or movable lever, and the sec- 
ond adjective ("throw") indicates that there is one stable 
position in which current is conducted. Description of 

so the switching network is made more transparent by 
choosing the mechanical-switch option, as illustrated in 
FIG. 4B, which schematically presents the network that 
delivers the result shown in FIG. 4A as later discussed 
in detail. 

55 Another waveform of the prior art is tiie "biphasic" 
waveform, which is capable of achieving defibrillation 
witii less energy tiian tiiat necessary with tiie nwnopha- 
sic waveform. This difference is of prime importance to 
implantable systems because the total energy delivera- 
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ble by a battery over its life is approximately proportional 
to its size and weight. 

In a biphasic waveform, a positive pulse of th kind 
described earlier is followed by a negative pulse. Ideally, 
the negative pulse should be rectangular, should be 
comparable in amplitude to the positive pulse, and 
should have a duration somewhere between 10% and 
90% that of the total pulse width. Continuing with spe- 
cific examples, let one adopt as the positive waveform 
that of FIG. 5A, where the duration of the negative pulse 
is shown to be 3 ms. The simplest biphasic switching 
network of the prior art delivers a negative pulse with an 
initial amplitude equal to that at the end of the positive 
pulse, as is illustrated in FIG. 5A. One embodiment of a 
network for delivering this combined waveform is illus- 
trated in FIG. 5B. This circuit employs two single-pole, 
triple-throw switches. Such a switch can be realised by 
using three FETs that all have one power electrode in 
common. Since the two switches are linked in order to 
function in coordination, they can be described as a sin- 
gle double-pole, triple-throw switch. Here, c designates 
the charging position, p the positive-pulse position, and 
n the negative-pulse position. 

US-A-4 800 883 discloses an apparatus for energy 
delivery to a heart of a human during defibrillation, the 
apparatus comprising at least two capacitors, electronic 
switching circuitry for connecting said capacitors to the 
heart and control means connected to the electronic 
switching circuitry to deliver the capacitor energy to the 
heart, wherein said capacitors are electrically con- 
nected only in series to the other or others of said 

:x t. J^i: i.^ al.^ ^ v.-^ 
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phase of energy delivery. 

US-A-4 637 397 discloses a method and apparatus for 
stimulation of cells in arrhythmic myocardial tissues 
includes depolarizing the cells by application of a first 
electrical pulse or shock followed by a second electrical 
pulse having a polarity opposite to the first pulse. 
Finally, a third pulse having the same polarity as the first 
pulse is applied to the cells. 

The present invention provides a device for energy 
delivery to a heart of a human during defibrillation, com- 
prising: 

(a) at least two capacitors; 

(b) electronic switching circuitry for connecting said 
capacitors to the heart; and 

(c) control means connected to the electronic 
switching circuitry to deliver the capacitor energy to 
the heart; 

characterised in that: 

for a first phase of energy delivery at least one of 
the capacitors is connected in either of the two 
modes parallel and series to the other or others of 
said capacitors and during a second phase of 
energy delivery is connected in the other of said two 
modes to the other or the others of said capacitors. 

The present invention overcomes the disadvan- 



tages of the prior art by providing switching networks 
that provide, for example, discharging of two capactiors 
in parallel during the positive pulse, and in series during 
the negative pulse, and that can also be discharged In 

5 sequence, if desired. Extensions of such principles pro- 
vide switching networks that employ two or more capac- 
itors, and that provide arbitrary combinations of parallel, 
series, and sequential discharging of the capacitors, 
with appropriate control-signal patterns. In order to tailor 

w the resulting waveform into an approximatton of any 
desired ideal waveform, within wide ranges. By similar 
manipulation of capacitor interconnections, it is possible 
to capture and use pulse portions that are simply dis- 
carded in the prior art. thereby permitting one to achieve 

/5 certain waveforms with less capacitance than was 
required before. Because the capacitor is physically the 
largest component in a prior art defibrillator, reduction in 
its value and hence size is significant. Such a waveform 
is illustrated in FIG. 8C. It constitutes a better approxi- 

20 mation to the ideal monophasic waveform of FIG. 3 than 
does the prior art waveform of FIG. 4A, but yet it 
requires 1 1% less capacitance than the prior art case. 
To accomplish control and setting of the switching net- 
work from outside the body, it is foreseen that digital 

25 programming through, for example, RF electromagnetic 
radiation, will be used as it now is for other systems 
such as pacemakers. It is further provided that a telem- 
etry relay positioned at or on the body can be employed 
to facilitate the digital programming. It is further pro- 

30 posed that photovoltaic devices be subcutaneously 
implanted to charge the implanted batteries. Particularly 

ijeafijl hAfA aro eariae-arrow "enjor" ro||e with tha mnn. 

olithic series-array versions of the prior art being espe- 
dally well-adapted. A further option, of course, is the 

35 use of an implanted coil as in the prior art that is pow- 
ered by an external source of electromagnetic radiation. 

TTie general purpose of the Invention is to realize an 
implantable defibrillator system that provides waveform 
optimization before or after implantation, that has a long 

40 useful implanted life, and that is smaller in size than pre- 
vious implantable defibrillators. Part of the novelty 
resides in tiie design of switching networks for wave- 
form tailoring. 

One embodiment of the present invention provides 

45 two or more capacitors that can by a switching network 
be discharged in parallel, doubling the cun^ent and 
reducing the tilt, or else can be discharged in series, or 
in sequence. When the capacitors are discharged in 
series to provide the negative pulse, it is possible to 

50 boost negative-pulse amplitude to approximate tiiat of 
the positive pulse. Or. the capacitors can be discharged 
in parallel for less tilt when a diminished amplitude is 
acceptable. In extensions of the present invention, more 
than two capacitors may be used, and series, parallel, 

55 and sequential capacitor-discharge configurations can 
be optionally combined to tailor a waveform conforming 
as nearly as possible to the ideal waveform that will b 
perceived as the defibrillation art progresses. A novel 
feature of replacing one large capacitor by two or more 
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smaller capacitors of the same aggregate capacitance 
bring design flexibility advantages. For example, the 
snfialler components can be packed more densely, lead- 
ing to snf^ller overall package size. This is because the 
large capacitors used in this work have an inflexible s 
cylindrical form factor. Another novel feature is a reduc- 
tion in the amount of capacitance needed to generate 
certain waveforms, and hence a further size reduction. 

Added to the novelty of the Implanted defibrillator 
system is the combination of the above features with io 
digital programming through rf communication of the 
kind used in pacemakers. Further combinational novelty 
Includes a telemetry relay to permit the programming 
electronics and its operator to be spatially removed from 
the operating theater where implantation of the defibril- is 
lator system is performed. 

A still further novelty resides in the use of implanta- 
ble batteries, because of the appreciable energy 
demands over time of defibrillator systems. Because of 
the relatively high voltage requirements of a defibrillator 20 
system, the invention further employs implanted series- 
array (and hence high-voltage) photovoltaic devices, 
with monolithic series-array varieties being particularly 
favored for reasons of reliability and efficiency. Recharg- 
ing by this means brings with it the novel and attractive 2s 
features of being noninvasive, inexpensive, and simple 
to the point of being simplistic with respect to the 
demands tiiat recharging places on the patient or the 
medical attendant. 

One significant aspect and feature of the present so 
invention is tiie discharging of defibrillation capacitors in 

novel switching networks. 

Anotiier significant aspect and feature of the 
present invention increases the number of capacitors 35 
further, and through novel switching networks, provides 
arbitrary combinations of parallel, series, and sequential 
discharging of arbitrary combinations of the capacitors, 
thereby tailoring the defibrillation waveform with a high 
degree of flexibility. A control system controls the 40 
switching network to achieve the desired waveform. 

An additional significant aspect and feature of the 
present invention is the realization of certain waveforms 
with less total capacitance than required in the prior art. 
thereby making possible a smaller implantable defibril- 46 
lator because the capacitor is such a dominant compo- 
nent In an implantable defibrillator. Thus, tiie use of 
smaller but multiple capacitors confibutes in two ways 
to the size reduction of an implantable defibrillator. 

Still another significant aspect and feature of the so 
present Invention is the digital programming of the con- 
trol system from outside the body, with an RF transmis- 
sion being one possible form of communication for the 
purpose. A telemetry system can be placed at or near 
the body of the person having tiie Implant. ss 

Having thus described the embodiments of the 
present invention, it is one object of the present inven- 
tion to achieve def Ibrillator-wavefbrm flexibility, to adapt 
to changes in tiie patient's needs, or to adapt t advanc- 



ing knowledge of tiie defibrillation art. 

Another object of tiie present invention is to achieve 
a system of long life and high reliability for the implanta- 
ble defibrillator system. 

An additional object of tiie present invention is to 
realize a smaller implantable defibrillator package tiian 
that of a prior art defibrillator of equal capability. 

Yet another object of tiie present invention Is to 
ensure that the patient's portion of the routine-mainte- 
nance technology is simple, easy-to-use, nonhazard- 
ous, and low-technology In character, especially as to 
battery recharging. 

There are now described, by way of e)fflmple and 
witii reference to tiie accompanying drawings, devices 
according to preferred embodiments of the present 
invention. 

In the drawings: 

FIG. 1 illustrates an implantable defibrillator system 
implanted in a patient and an external programming 
console; 

FIG. 2 illustrates a block diagram of the implantable 
defibrillator system; 

FIG. 3 presents the idealized waveform for 
monophasic defibrillation; 
FIG. 4A shows a prior art monophasic waveform 
achieved tiirough capacitor discharge and switch- 
ing; 

FIG. 4B schematically illustrates a circuit for achiev- 
ing tiie prior art monophasic waveform; 
FIG. 5A presents a prior art biphasic waveform; 

c\n cn MAU.%^»*:»Mti.. . i.. ^^^^^ 
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ating a prior art biphasic waveform; 
RG. 6A illustrates a monophasic waveform of the 
present invention resulting from the sequential dis- 
charging of two capacitors; 
RG. 68 schematically illustrates a circuit for gener- 
ating the sequential-discharge monophasic wave- 
form of the present invention; 
RG. 6C Illustrates a monophasic waveform of the 
present invention resulting from tiie sequential dis- 
charging of four capacitors; 
RG. 7A illusta-ates one biphasic waveform of tiie 
present invention; 

RG. 7B schematically illustrates a circuit for pro- 
ducing one biphasic waveform of tiie present inven- 
tion; 

RG. 8A illustrates another biphasic waveform of 
the present invention, incorporating sequential dis- 
charging; 

RG. 8B schematically illustrates a circuit for gener- 
ating another biphasic waveform of the present 
invention; and, 

RG. 8C illusti-ates yet anottier monophasic wave- 
form of the present invention. 
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DESCBIPTION OF THE PREFERRED EMBODI- 

FIG. 1 illustrates an implantable defibrillator system 
5, such as an implantable defibrillator 1 0 in a patient 1 1 , 
the implantable defibrillator 10 in turn including an elec- 
tronic switching network 12 for the flexible combination 
of capacitor discharge waveforms in order to approxi- 
mate a particular waveform for application to the heart 
muscle in a defibrillation procedure. A programming 
console 13 that is able to compute and transmit instruc- 
tions to the electronic switching network 12 is compara- 
tively rennte from the patient 11 who is undergoing 
implantation surgery, and a telemetry relay or repeater 
is employed near or on the patient's body. Digital signals 
are transmitted to the implanted device using infrared, 
visible or RF electromagnetic radiation or ultrasound 
radiation. 

FIG. 2 illustrates the implantable defibrillator 10 
where all numerals con^espond to those elements previ- 
ously described, including a capacitor section 14 electri- 
cally connected through electrodes to a heart 15, an 
electronic switching network 12, a committed or non- 
committed fibrillation detector 1 6, a voltage sensing and 
control unit 17. batteries 18 and 19 connected through 
the voltage sensing and control unit 1 7 to the electronic 
switching network 12, and a charging unit 20. As illus- 
trated, battery 18 Is connected through the voltage 
sensing and control unit 17 to the electronic switching 
network 12 and its associated components. The battery 
19 is being recharged through the voltage sensing and 

cunirui urili 17 ijy iiie uictiyiny unii 20. Vvllen uauoVy 13 

is deeply discharged, the voltage sensing and control 
unit 17 switches the output of the charging unit 20 to 
battery 18 and switches the output of the battery 19 to 
the electronic switching network 12, as represented by 
the reversal of representative switches 21 and 22. At 
this time, battery 18 is charged and battery 19 powers 
the implantable defibrillator 10. The charging unit 20. 
when it employs photovoltaic devices, can be a subcu- 
taneously implanted device that is powered from an 
external light source, and can be implanted subcutane- 
ously or more deeply when it is a coil to which energy is 
delivered from an external source of electromagnetic 
radiation. 

FIG. 3 illustrates a voHage-versus-time waveform 
23 that is of idealized rectangular character, having typ- 
ical, but arbitrarily chosen, amplitude of 4400 volts and 
duration of 7 milliseconds. The waveform consists of a 
single pulse and it is termed monophasic. 

FIG. 4A illustrates prior art voltage-versus-time 
monophasic waveform 24, the type generated by a 
charged capacitor, appropriately switched. Realistic and 
arbitrary pulse duration 25 are again employed. The ini- 
tial pulse voltage 26 is fixed by the voltage to which the 
capacitor is charged, and the final pulse voltage 27 is 
fixed by the discharge rate, the RC time constant 28, 
which can be graphically determined by linear extrapo- 
lation of the initial tangent 29 to the point 30 where the 



tangent intersects the time axis 32. 

RG. 4B illustrates a prior art schematic diagram 40 
of a circuit placed between a charging source 42 and a 
heart 44. for generating the prior art monophasic wave- 

5 fbmi 24 of FIG. 4A, employing a capacitor 46, a single- 
pole, single-throw switch 48, and a diode 50. 

RG. 5A illustrates a biphasic waveform 60 of the 
prior art, wherein the final height 62 of the positive 
pulse, +200 volts, is equal in magnitude and opposite in 

10 sign to the initial height 64 of the negative pulse. -200 
volts. Typically, and arbitrarily, byway of example and for 
purposes of illustration only and not to be construed as 
limiting of the present invention, chosen durations for 
the two pulses are 7 ms 66, and 3 ms 68. respectively. 

IS RG. 58 illustrates the schematic diagram 70 of a 
circuit placed between a charging source 72 and a heart 
74, for generating the biphasic waveform 60 of FIG. 5A, 
employing a capacitor 76 and the single-pole, trlple- 
tiirow switches 80 and 90 (which switches in combina- 

20 tion can alternatively be described as one double-pole, 
triple-tiirow switch). The three positions of tiie switch 80 
are c, the charging position 82, b, tiie positive-pulse 
position 84, and n, the negative-pulse position 86. The 
corresponding positions of the switch 90 are c, the 

25 Charging position 92, b, the positive-pulse position 94. 
and n, the negative-pulse position 96. 

RG. 6A illustrates a monophasic waveform 100 of 
the present invention generated by the sequential dis- 
charging of two capacitors having an aggregate capaci- 

30 tance equal to that of capacitor 46 in FIG. 4B, and 
featuring two maxima or peaks 102 and 104. thus pro- 

approximation to tiie ideal waveform 23 of FIG. 3 than is 
the prior art waveform 24 of FIG. 4A. 

35 RG. 6B illusti^tes the schematic diagram 105 of a 
circuit placed between a charging source 106 and a 
heart 107, for generating the waveform 100 of FIG. 6A, 
employing capacitors 108 and 109 and the single-pole, 
ti^iple-throw switches 110 and 120 (which switches In 

40 combination can alternatively be described as one dou- 
ble-pole, ti'iple-throw switch). The three positions of the 
switch 1 1 0 are c, tiie charging position 1 1 2. pa the posi- 
tion 1 1 4 for the first half of the positive pulse, and pb the 
position 116 for the second half of tiie positive pulse. 

45 The corresponding positions of the switch 1 20 are c, the 
charging position 122. pa. the position 124 for the first 
half of tiie positive pulse, and pb. the position 1 26 for tiie 
second half of tiie positive pulse. 

RG. 6C illustrates a monophasic waveform 130 of 

so tiie present invention generated by the sequential dis- 
charging of tour capacitors having an aggregate capac- 
itance equal to that of capacitor 46 in FIG. 4B, and 
featuring four maxima or peaks 132, 134, 136 and 138, 
using a circuit that is a straight fonA/ard extension of that 

55 in FIG. 6B, and providing a waveform 1 30 that is a better 
approximation of tiie ideal waveform 23 of FIG. 3 than is 
tiie prior art waveform 24 of FIG. 4A. 

RG. 7A illustrates a biphasic waveform 140 of tiie 
present invention, wherein the initial height 142 of tiie 
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negative pulse is comparable in magnitude to the initial 
height 144 of the positive pulse, and is greater in magni- 
tude than the final height 1 46 of the positive pulse, thus 
providing a more nearly ideal waveform than the prior 
art waveform 100 of FIG. 6A. 

RG. 7B illustrates the schematic diagram 150 of 
the circuit placed between a charging source 152 and a 
heart 154 for generating the waveform 140 of FIG. 7A, 
employing the capacitors 156 and 158, two single-pole, 
triple-throw switches 160 and 170 (which switches in 
combination can alternatively be described as one dou- 
ble-pole, triple-throw switch), and also two single-pole, 
double-throw switches 180 and 190 (which switches in 
combination can alternatively be described as one dou- 
ble-pole, double-throw switch). The three positions of 
the switch 160 are c, the charging position 162, p, the 
positive-pulse position 164, and n, the negative-pulse 
position 166. The corresponding positions of the switch 
170 are the c, charging position 172, p, the positive- 
pulse position 174. and n, the negative-pulse position 
176. The two positions of the switch 180 are c, the 
charging and positive pulse position 182, and n, the 
negative-pulse position 184. The corresponding posi- 
tions of the switch 190 are c, the charging and positive 
pulse position 192, and n, the negative-pulse position 
194. TTie interconnecting leads 196 and 198 achieve the 
capacitor "stacking" (series connection) and polarity 
reversal required for the negative pulse. 

RG. 8A illustrates a biphasic waveform 200 of the 
present invention, wherein there are two peaks 202 and 
204 in the positive pulse, and wherein the initial height 

rtf\fy Ki^^ -^^ ^^ii. I :_ i_i _ : ia i_ x_ 

that of the initial height 207 of the positive pulse, and is 
greater in magnitude than the final height 208 of the 
positive pulse, thus providing a more nearly ideal wave- 
form than the prior art waveform 100 of FIG. 6A. 

RG. 8B illustrates the schematic diagram 210 of a 
circuit placed between a charging source 212 and a 
heart 214. for generating the waveform 200 of FIG. 8A, 
employing the capacitors 216 and 218. and tiie single- 
pole, triple-throw switches 220 and 230 (which switches 
in combination can alternatively be described as one 
double-pole, t'iple-throw switch), and also the single- 
pole, double-throw switches 240 and 250 (which 
switches in combination can alternatively be described 
as one double-pole, double-throw switch), as well as the 
single-pole, double-throw switch 260. The three posi- 
tions of the switch 220 are c. tiie charging position 222, 
p, the positive-pulse position 224, and n, the negative- 
pulse position 226. The corresponding positions of the 
switch 230 are c, the charging position 232, p, the posi- 
tive-pulse position 234. and n. the negative-pulse posi- 
tion 236. The two positions of tiie switch 240 are c. the 
charging and positive pulse position 242, and n. the 
negative-pulse position 244. The corresponding posi- 
tions of tiie switch 250 are c, tiie charging and positive 
pulse position 252 and n, the negative-pulse position 
254. The two positions of the switch 260 are a, the posi- 
tion 262 for tiie first half of th positive pulse during 



which the capacitor 216 is discharged, and b, the posi- 
tion 264 for the second half of the positive pulse, during 
which tiie capacitor 218 is discharged. The intercon- 
necting leads 270 and 272 achieve the capacitor "stack- 
5 ing" and polarity reversal required for tiie negative 
pulse. 

RG. 8C illustrates a biphasic waveform 280 of the 
present invention, wherein Uie first peak 282 is gener- 
ated by discharging a first capacitor, the second peak 

10 284 is generated by discharging a second capacitor, 
and the third peak 286 is generated by placing the two 
capacitors in series and continuing tiie discharge by 
using a circuit tiiat is like circuit 210 of FIG. 8B, but with 
the polarity-reversing feature eliminated, witii tiie result 

15 that the waveform 280 is a better approximation of the 
ideal waveform 23 of FIG. 3 than is tiie prior art wave- 
form 24 of FIG. 4A, and yet tiie sum of the capacitances 
of the two capacitors is smaller than that of the capacitor 
46 In FIG. 48. 

20 

MODE OF OPERATION 

Waveform tailoring is accomplished by instantane- 
ous switching tiiat converts parallel-connected capaci- 

25 tors into series-connected capacitors, or the reverse, 
and/or interchanges of the capacitor-terminal connec- 
tions. Such manipulation of capacitor interconnection 
also makes possible a reduction in tiie total capacitance 
required to achieve certain waveforms, and hence a 

30 reduction in defibrillator size. Power FETs can be used 
for switching, and are controlled by digital signals. The 

n^CoSSary I li^ii or iGVt COriuOi VOnaQo iS uiSiTiuuiou iTOiTi 

the switching network that can be digitally programmed. 
The electi'onics needed for programming of the implant- 

35 able defibrillator system need not be implanted, but can 
be a part of the programming console. Input information 
to the programming console takes tiie form of the 
desired initial voltage of the positive pulse, pulse dura- 
tion and the tilt, and likewise corresponding data for tiie 

40 negative pulse. 

In tiie programming console is tiie necessary logic 
and memory, or if needed, ancillary microcomputer 
hardware and software, tiiat converts the waveform 
information into digital instructions. The programming 

46 console can be comparatively remote from the patient 
who is undergoing implantation surgery when telemetry 
relay or a telemetry repeater is employed near or on the 
patient's body Foreseen is the use of infrared or radio- 
frequency elecb^omagnetic radiation, or ulb'asound radi- 

50 ation for remote programming purposes. The radiation 
can be directed along a single line of sight, or can be 
diverted by means of passive reflector repeater minors. 

THE SWITQHiNG NETWORKS 

55 

Novel switching networks are a part of the present 
invention of tiie implantable defibrillator system. The 
principles can be illustrated by observing the waveform 
features illustrated in FIG. 7A. Here, each of the two 
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capacitors of FIG. 7B are used In a novel manner. Dur- 
ing the positive pulse, the two capacitors are discharged 
in parallel, producing a positive puis resuH equivalent 
to that in FIG. 4A and FIG. 6A. The negative pulse is 
generated by placing the two capacitors in series, pro- 
viding an initial negative pulse height equal in magni- 
tude to the initial positive pulse height. Because two 
identical capacitors in series display one quarter of the 
capacitance of the same two capacitors in parallel, the 
discharge rate of the negative pulse in FIG. 7A is four 
times that of the positive pulse in FIG. 7A. The 
increased tilt is believed to be tolerable because the 
negative pulse is of relatively short duration. The sche- 
matic diagram in FIG. 7B illustrates a circuit that delivers 
the waveform of FIG. 7A, with the designations c for 
charging, p for positive-pulse position, and n for nega- 
tive-pulse position having the same meanings as 
before. 

Another two-capacitor embodiment of the present 
invention produced a two-peaked waveform Illustrated 
in FIG. 6A by discharging two capacitors in sequence, 
yielding a waveform that is functionally nearer the ideal 
waveform of FIG. 3 than is the prior art monophasic 
waveform of FIG. 4A. This is accomplished by the circuit 
shown schematically in FIG. 68. Straightfon/vard exten- 
sion of the principle adds capacitors and switches to this 
circuit to produce multiple peaks, as in the four-peak 
example shown in FIG. 60. This optfon leads to a 
smaller implantable defibrillator, because the smaller 
capacitors can be packed more densely than with the 
single larger capacitor, which has an irrflexible cylindri- 
cal iOi iTi laCiOi', ai'iu lo li lo lai^'coi COiVipOi'ioni ii'i inc Cif- 

cuit, larger even than the battery. 

A specific embodiment of another two-capacitor 
configuration of the present invention yiekJs the wave- 
form illustration in FIG. 8A. Here, the two capacitors 
illustrated in FIG. 8B are discharged in sequence during 
the positive pulse, as in FIGS. 6A and 6B, and are dis- 
charged in series during the negative pulse, as in FIGS. 
7A and 7B. The circuit of the present invention illus- 
trated schematically in FIG. SB delivers the waveform of 
FIG. 8A. By eliminating the polarity-reversing feature of 
the circuit in FIG. 8B, one achieves the monophasic 
waveform of FIG. 8C, which is more nearly ideal than 
the prior art waveform of FIG. 3, and yet uses less total 
capacitance. This is especially important because the 
volume of the capacitor in a prior art implantable defi- 
brillator is greater than that of any other component. 

By using more than two capacitors, one can clearly 
see that the principles just illustrated can be combined 
in a wide variety of ways, and that the resulting capaci- 
tor networks can deliver varied wavefonns. Placing the 
FETs of the switching network under the rule of a con- 
trol network permits a practitioner to adapt defibrillation 
to changing patient needs, or to further enlightenment 
concerning optimal waveforms. 

It is further possible to carry out noninvasive digital 
programming of the control network by programming 
means that hav been developed for impianted-pace- 



maker programming. One prominent method uses digit- 
ally encoded BF electromagnetic radiation projected 
through the skin and into the implanted electronic sys- 
tem. A telemetry repeater further improves the use con- 

5 venience of this kind of system in the operating theater. 
Since a defibrillator system typically requires that 
several amperes and hundreds of volts be delivered to 
the heart muscle, the power requirements are unusual 
by the standard of ordinary implanted electronic sys- 

10 tems. Because the pulses are of brief duration, fortu- 
nately, the energy requirements are brought within 
tractable limits. Nonetheless, the energy that must be 
implanted in battery form is significant, especially as 
duty cycle increases, and is a foremost consideration in 

15 the engineering and application of this kind of system. 

Claims 

1. A device (10) for energy delivery to a heart of a 
20 human (15: 154; 214) during defibrillation, compris- 
ing: 

(a) at least two capacitors (14; 156, 158; 216, 
218); 

25 (b) electronic switching drcuitry (12; 160, 170. 

180, 190; 220. 230, 240. 250. 260) for connect- 
ing said capacitors (14; 156, 158; 216, 218) to 
the heart (15; 154; 214); and 
(c) control means (17) connected to the elec- 

30 tronic switching circuitry (12; 160, 170, 180, 

190; 220, 230. 240, 250. 260) to deliver the 

I ±. 

V/Of/av/iivyi ci ici ^ j v>j ii i iqw i, 

characterised in that 

for a first phase of energy delivery at least one 
35 of the capacitors (14; 156, 158; 216, 218) is 

connected in either of the two modes parallel 
and series to the other or others of said capac- 
itors and during a second phase of energy 
delivery is connected in the other of said two 
40 modes to the other or the others of said capac- 

itors. 

2. A device (1 0) according to Claim 1 , wherein at least 
one of said capacitors (14; 156, 158; 216. 218) is 

45 connected in parallel to the other or others of said 
capacitors, for a first phase of energy delivery; and 
the device (10) includes 

control means (17) connected to the elec- 
tronic switching circuitry (12; 160. 170, 180, 190; 

50 220, 230. 240, 250. 260) to deliver the capacitor 
energy to the heart with at least one of said capac- 
itors (14; 156. 158; 216, 218) connected in series to 
the other or others of said capacitors for a second 
phase of energy delivery, said second phase being 

55 either the same or opposite polarity of said first 
phase. 

3. Adevice (10) according to Claim 1. wherein at least 
one of said capacitors (14; 156, 158; 216, 218) is 
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connected in series to the other or others of said 
capacitors for a first phase of energy delivery; and 
the device (10) includes 

control means (17) connected to the elec- 
tronic switching circuitry (12; 160, 170, 180, 190; 5 
220, 230, 240, 250, 260) to delivery the capacitor 
energy to the heart with at least one of said capac- 
itors (14; 156, 158; 216, 218) connected in parallel 
to the other or others of said capacitors for a sec- 
ond phase of energy delivery, said second phase 10 
being either the same or opposite polarity of said 
first phase. 

Patentanspruche 

15 

1. Vorrichtung (10) zur At)gabe von Energie an das 
Herz eines Menschen (15; 154; 214) wdhrend der 
Defibrillieoing, mit: 

(a) wenigstens zwei Kbndensatoren (14; 156, 20 
158; 216. 218); 

(b) elektronischen Schaltern (12; 160, 170, 
180. 190; 220. 230. 240, 250, 260) zum Verbin- 
den der Kbndensatoren (14; 156. 158. 216, 
218) mitdem Herzen (15; 154; 214); und zs 

(c) mit den elektronischen Schaltern (12; 160, 
170, 180,, 190; 220, 230, 240, 250, 260) ver- 
bundenen Steuerungsmittein (17), um die Kon- 
densatorenergie an das Herz abzugeben; 

30 

dadurch gekennzelchnet, daB 

stens einer der Kondensatoren (14; 156, 158; 216, 
218) in einer der zwei Betriebsarten, parallel und in 
Reihe. zu dem oder den anderen Kbndensator(en) 3S 
und wdhrend einer zweiten Phase der Energieab- 
gabe in der anderen der zwei Betriebsarten mit 
dem Oder den anderen Kondensator(en) geschaKet 
ist. 

40 

2. Von^ichtung (10) nach Anspruch 1, wobei wenig- 
stens einer der Kbndensatoren (14; 156, 158; 216, 
218) parallel zu dem oder den anderen Kondensa- 
tor(en) einer ersten Phase der Energieabgabe 
geschaltet ist; und die Vorrichtung (1 0) aufweist 45 

eine mit den elektronischen Schaltern (12; 
160, 170, 180. 190; 220. 230. 240, 250. 260) ver- 
bundene Steuereinrichtung (17), um die Kondensa- 
torenergie wenigstens eines der Kbndensatoren 
(14; 156, 158; 216, 218), welcher in einer zweiten so 
Phase der Energieabgabe in Reihe mit dem oder 
den anderen Kbndensator(en) geschaltet ist, an 
das Herz abzugeben, wobei die zweite Phase ent- 
weder die gleiche oder die entgegengesetzte Pola- 
ritdt der ersten Phase ist. ss 

3. Von'ichtung (10) nach Anspruch 1, wobei wenig- 
stens einer d r Kondensatoren (14 156, 158; 216, 
218) in Reihe mit dem oder den anderen Konden- 



sator(en) in einer ersten Phase der Energieabgabe 
geschaltet ist; und die Vorrichtung (10) aufweist 

eine mit den elektronischen Schaltern (12; 
160. 170. 180. 190; 220. 230. 240. 250, 260) ver- 
bundene Steuerungseinrichtung (17), um die Kon- 
densatorenergie wenigstens eines der 
Kondensatoren (14; 156, 158; 216. 218), welcher in 
einer zweiten Phase der Energieabgabe parallel zu 
dem Oder den anderen Kbndensator(en) geschaltet 
ist, an das Herz abzugeben, wobei die zweite 
Phase entweder die gleiche oder die entgegenge- 
setzte Polaritdt der ersten Phase ist. 

Revendications 

1. Dispositif (10) pour fournir une Energie au coeur 
dune personne humaine (15; 154; 214) pendant 
une defibrillation, comprenant: 

(a) au moins deux condensateurs (14; 156, 
158; 216. 218); 

(b) des circuits de commutation ^lectroniques 
(12; 160, 170, 180, 190; 220, 230, 240, 250, 
260) pour relier lesdits condensateurs (14; 156. 
158; 216. 218) au coeur (15: 154; 214); et 

(c) des moyens de commande (17) connect6s 
aux circuits de commutation ^lectronlques (12; 
160. 170, 180, 190; 220. 230, 240, 250, 260) 
pour fournir I'^nergie des condensateurs au 
coeur; 

caract^ris^ en ce que 

}juiiuci[ii uim ijiuiiiieio plicibu uu luunii- 

ture d'^nergie, au moins i'un des condensa- 
teurs (14; 156, 158; 216, 218) est connects 
selon I'un ou I'autre des deux modes parall^le 
et s^rie ^ I'autre ou aux autres desdits conden- 
sateurs, et est connects, pendant une seconde 
phase de fourniture d'^nergie, selon I'autre 
desdits deux modes k I'autre ou aux autres 
desdits condensateurs. 

2. Dispositif (10) selon la revendication 1 , dans lequel 
au moins Tun desdits condensateurs (14; 156. 158; 
216, 218) est connects en parali^ie k i'autre ou aux 
autres desdits condensateurs, pendant une pre- 
miere phase de fourniture d'^nergie; et le depositif 
(lO)inclut 

des moyens de commande (17) connect§s 
aux circuits de commutation eiectroniques (12; 160. 
170, 180. 190; 220. 230, 240. 250. 260) pour fournir 
renergie des condensateurs au coeur avec au 
nrK)ins I'un desdits condensateurs (14; 156. 158; 
216. 218) connects en s^rie k I'autre ou aux autres 
desdits condensateurs pendant une seconde 
phase de fourniture d'^nergie, ladite seconde 
phase correspondant soit k la m3me polarity que 
celle de ladite premiere phase, soit & la polarity 
inverse. 
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3. Dispositif (10) selon la revendication 1 . dans iequel 
au moins Tun desdits condensateurs (14; 156, 158; 
216, 218) est connects en s^rie k Tautre ou aux 
autres desdits condensateurs pendant une pre- 
miere phase de fourniture d'^nergie; et le dispositif 5 
(10) inclut 

des moyens de commande (17) connect6s 
aux circuits de commutation ^lectroniques (12; 160, 
170. 180, 190; 220, 230. 240. 250. 260) pourfoumir 
r^nergie des condensateurs au coeur avec au w 
moins I'un desdits condensateurs (14; 156. 158; 
216, 218) connects en parail^ie k I'autre ou aux 
autres desdits condensateurs pendant une 
seoonde phase de fourniture d'6nergie, ladite 
seoonde phase con-espondant soit ^ la m§me pola- is 
rit6 que celle de ladite premidre phase, soit k la 
polarity inverse. 
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